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Abstract
The accurate in situ, non-contact measurement of the temperature
distribution within diesel after-treatment filters requires the employment of
optical fibres with special tip geometry. The goniometric characteristics of
optical fibres with flat, 45◦ angled and bent and polished tips are studied
such that the specific radiation acceptance region can be determined. One
2 mm diameter fused silica and two 0.425 mm diameter sapphire optical
fibres are examined. Detailed discussion of the relative intensity profiles
observed for these fibres is presented. Of the three fibres evaluated, the 45◦
angled tip geometry provides the most precise response for measuring
radiation emitted from the internal filter walls. Exploiting the characteristics
of total internal reflection, the 45◦ angled tip fibre accepts the maximum
quantity of incident radiation at an angle perpendicular to the optical axis.
Keywords: goniometric characteristics, optical fibre, angled tip, effective
numerical aperture
1. Introduction
The application of optical fibres for infrared temperature
measurement has further evolved with the development
of diesel engine exhaust after-treatment filter technologies.
Diesel exhaust after-treatment filters are designed to capture
and periodically remove environmentally harmful NOx and
particulates [1]. These filters are typically made of porous
ceramic material with deep cavities to increase the specific
surface area. The temperature at the filter surfaces, due
to microwave, post-combustion burning or various other
means of heating, controls the chemical kinetics of the
storage and regeneration processes. A uniform temperature
distribution is critical for controlling the chemical reactions
as well as avoiding thermal stress fatigue and overheating
of the filter. Accurate temperature measurements of a
3 Author to whom any correspondence should be addressed.
small and specific region of the filter wall provide important
information to chemical engineers for catalytic development
and to mechanical engineers for design of the filter heating
process [2].
Attaching traditional thermocouples to the porous ceramic
wall at locations deep within the diesel exhaust after-treatment
filter cavity has proven difficult due to space constraints. The
filter also operates in a harsh environment; high temperature
airflow from the engine combustion process as well as
thermal cycling as a consequence of periodical regeneration.
Furthermore, the ceramic filter responds rapidly to microwave
heating, precluding the use of traditional thermocouples due
to their inherently metallic composition. As an alternative
to using a thermocouple, an optical fibre is employed to
transmit emitted surface radiation to an infrared detector for
temperature measurement, as illustrated in figure 1. With
typical operating temperatures ranging from 400 to 800 ◦C,
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Figure 1. Application of an angled tip optical fibre to transmit an
infrared signal to a detector.
the optical materials chosen, sapphire (Al2O3) and fused silica
(SiO2), are transparent to microwave radiation allowing for
in situ, non-contact temperature measurements during heating
and filter regeneration.
Precise thermal mapping of the filter is achieved by
measuring the surface temperature at various locations within
the filter. The goal of this research is to investigate the
goniometric characteristics of optical fibres with various tip
geometries. The results of this study identify areas along the
filter wall from which the optical fibre tip accepts incident
radiation.
Previous research on biomedical engineering applications
has focused on the delivery of laser light through optical
fibres with various tip geometries [3–11]. Optical fibre
endoscopes with flat tip geometry are constrained to forward
firing in tissue removal procedures unless the fibre tip is
curved by specially designed distal end attachments. With
the introduction of side-firing optical fibres for endoscopic
operations in ophthalmology and urology, tissue ablation along
organ walls is achieved without physically redirecting the tip
of the fibre [4–7]. By altering the fibre tip geometry to a
bevelled surface, the property of total internal reflection is
exploited. Laser radiation travelling through the fibre reflects
at the angled end surface, exiting at a large angle off the optical
axis. As shown through experiment and ray tracing techniques,
variation in the angle of the bevelled tip dictates the exit angle
of the laser light [4].
Systematic research regarding the acceptance of radiation
from an external source is not readily available and is therefore
studied in this work. Three tip geometries are investigated in
this study. The flat, 45◦ bevelled and bent and polished tip
geometries are shown in figures 2(a)–(c). In this study, the
fibre with the bent and polished tip geometry is made of fused
silica while the other two fibres are made of sapphire.
The numerical aperture (NA) of an optical fibre is an
important characteristic in understanding the acceptance of
incident radiation by the fibre tip. Nubling and Harrington [12]
have studied the optical properties of single-crystal sapphire
optical fibres. With a refractive index of 1.75, an unclad flat
tip sapphire fibre in air has a theoretical NA > 1 suggesting
that the sapphire fibre will transmit all rays incident upon the
input face regardless of the angle. In practice, this is not
the case since bulk and surface defects originating from the
manufacturing process scatter the light into modes that do
not transmit through the length of the optical fibre. Using
the angular scan method as dictated by the International
Electrotechnical Commission (IEC) [13], the effective (versus
theoretical) NA, NAe f f , of each fibre is therefore defined and
investigated in this study.
It is well known that the flat tip optical fibre will accept
radiation from a region directly forward. As for the bent
and polished tip geometry, no previous research about the
predicted viewing area has been found. By firing an argon
laser through the 45◦ angled tip fibre encapsulated within a
cylinder of photographic paper, Russo et al [6, 7] showed that
the output beam has a primary and secondary component. The
primary component is located perpendicular to the optical axis
exiting through a meridional surface while the secondary is
roughly 15◦ off the optical axis in the same direction. Though
a visible interpretation of the output characteristics of a 45◦
angled tip optical fibre was provided, definitive reasoning for
the two regions observed was not investigated. The acceptance
of incident radiation into an optical fibre is expected to exhibit
a similar response as that of radiation being expelled. This
study quantitatively compares and identifies the regions and
intensities of radiation accepted by the optical fibres as a
function of the various tip geometries.
The experimental set-up, equipment and alignment
procedures are first introduced. Results from the experiments
performed on the three fibres are subsequently presented and
analysed. Discussion of the results and applications for
temperature measurement are then presented.
2. Experimental set-up
Figure 3 shows the overall experimental set-up used to measure
the effective NA of the different fibre tip geometries. The
following sections discuss the angular scan method, radiation
sources, infrared detectors and optical fibres used in this
study and present the alignment procedures followed for the
experiments.
2.1. Angular scan method
The experimental procedure employed to measure the NA
of the optical fibres was the far-field pattern (FFP) method.
This is a widely used method for measuring the acceptance
angle of optical fibres [14–16]. The experiments conducted
in this research were based on instructions defined by the IEC
standard CEI/IEC 60793-1-43 [13]. The main deviation from
the procedures dictated by the IEC standard is that, in this
research, radiation is incident upon the fibre instead of being
emitted from the fibre. This altered approach is intended to
simulate the radiation acceptance capabilities of the optical
fibre within the ceramic filter.
A rotary table, as illustrated in figure 3, is used to rotate
the radiation source around the tip of the fibre, which is aligned
at the centre of the rotary table. The fibre is held fixed by a
fibre clamp mounted to a post isolated from the rotary table.
The proximal end of the optical fibre is connected directly to
an infrared detector via an SMA 905 connector.
Two angles are used to define the rotation and orientation
between the fibre and radiation source. The rotation angle,
α, defines the angular position of the radiation source relative
to the central axis of the fibre. As shown in the top view in
figure 3, α = 0◦ is defined by the radiation source positioned
along the extended axis of the optical fibre. The angle α is
positive when the rotary table rotates counterclockwise off the
0◦ angle and negative otherwise.
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a)
b) c)
Figure 2. Illustration of the three tip geometries of the optical fibres examined for this study: (a) flat tip, (b) 45◦ angled tip (two orientation
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Figure 3. Experimental set-up and definition of rotation angle (α) and orientation angle (β).
The orientation angle, β , is applied to characterize the
angular position of the polished face of the angled and bent tip
optical fibres. As shown in the fibre tip close-up in the front
view of figure 3, β = 0◦ is defined by the cut face of the fibre
tip pointed downward. The orientation shown in the top view
of figure 3 is β = 90◦. In this orientation, when the radiation
source is located at α = 90◦, the incident photons encounter
only the cylindrical surface of the optical fibre.
2.2. Radiation sources, infrared detectors and optical fibres
Two radiation sources for high and low-temperature
measurements are used in this study. For high temperatures,
the 3100 K tungsten halogen light source (Ocean Optics Model
LS-1) was selected. The emitted radiation is channelled down
a set of optical tubes designed to encapsulate the entire spatial
output. At the termination of the tubes is a calibrated iris
adjustable from 1 to 12 mm, graduated in 0.5 mm increments.
An Inconel cavity, prepared such that its characteristic
emissivity approaches that of a blackbody [17], was used as a
radiation source for low-temperature measurements. Affixed
to the face of the radiation source, a plate with a centrally
located 3 mm diameter hole provided an aperture for the low-
temperature measurements. The aperture further improves
a uniform temperature distribution within the blackbody
by reflecting a substantial portion of the radiation back
into the cavity.
At high temperatures, a 2048-element linear silicon CCD
array spectrometer (Ocean Optics Model USB2000) is utilized.
This detector is configured to identify radiation within a
wavelength range of 720–980 nm. At lower temperatures, a
lead sulfide (PbS) photoconductor, manufactured by electro-
optical systems, with an operating wavelength in the range
of 1–2.8 µm, peaking at 2.5 µm, is used. The sensor is
cooled thermoelectrically to 243 K and the incoming dc signal
is mechanically converted to an ac signal with a chopper set to
250 Hz.
Two of the three fibres examined are unclad, multimode,
single-crystal sapphire (Al2O3) with a diameter of 0.425 mm
and a length of 1 m. The distal ends of the flat and angled tip
fibres, as shown in figures 2(a) and (b), were polished at an
angle relative to the optical axis of 90◦ and 45◦ respectively.
The third optical fibre has a bent and polished tip geometry,
as shown in figure 2(c). The polished tip is flush with the
cylindrical wall of the fibre along the meridional surface
intended for gathering emitted radiation from a direction
perpendicular to the optical axis. This fibre, essentially a
lightpipe, is made of fused silica with a diameter of 2 mm and
a length of 0.3 m. The proximal end of all three optical fibres
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has an SMA 905 connection allowing for efficient coupling of
the transmitted radiation directly into the sensor. Optically,
sapphire transmits wavelengths over a range from 0.45 to
3.5 µm and fused silica transmits wavelengths over a range
from 0.25 to 2 µm. The refractive index at a wavelength of
850 nm is 1.75 for sapphire and 1.45 for fused silica [18, 19].
The two sapphire optical fibres were flexible and
experienced nominal bending along the metre length of the
fibre. Within the range examined, no wavelength dependent
bend losses were observed. Since the silica lightpipe was rigid,
no bending along the length was possible.
2.3. Procedures for alignment
The precise alignment of various components utilized in this
research was paramount in achieving accurate, reproducible
results. The following sections detail the steps taken to align
the laser diode, optical fibre and radiation source.
2.3.1. Aligning the fibre tip to the centre of the rotary table.
As shown in figure 3, a laser diode is installed in the centre
of the rotary table to assist in marking a reference point for
placement of the fibre tip at the central axis. In front of the laser,
a focusing lens was used to converge the coherent laser light
to a small spot on a thin, translucent plastic target grid. This
plastic sheet is held by an articulated post assembly mounted
external to the rotary table and placed at the same height where
the optical fibre tip will be located.
If the laser is not perfectly centred on the rotary table,
the focused spot on the plastic sheet will displace as the
rotary table is revolved through 180◦. Placement of the laser
diode is minutely adjusted over consecutive procedures so
that the spot on the plastic sheet stays in essentially the same
location through the entire 180◦ rotation. The spot is therefore
located very close to the central axis of the rotary table. The
optical fibre is then moved into position through the use of a
micropositioning linear translator such that its tip is centred at
the middle of the focused spot.
2.3.2. Aligning the radiation source. Alignment of the
radiation source involves two steps: (1) rough and (2) fine
alignment. Through visual inspection, rough alignment
involves positioning the radiation source such that the emitted
light is aimed directly at the fibre tip. The incident radiation
spot is then finely aligned by adjusting a two-axis linear
micropositioner until a maximum intensity value is observed
at the detector. At this position, the radiation source and the
optical fibre are aligned along the optical axis.
2.3.3. Aligning the fibre orientation. Alignment of the angled
tip fibre in the 0◦ orientation (β = 0◦) was facilitated through
the use of the laser diode. When the laser light is incident on
the cut face precisely at 0◦, a spot is reflected along the optical
axis in front of the fibre. Using a white piece of plastic, the
visible spot is an approximate guide to aligning the fibre into
the correct orientation.
With the optical fibre in the 90◦ orientation (β = 90◦)
relative to the optical axis and the radiation source in the
90◦ position (α = 90◦), the greatest amount of radiation
reflects off the cut face and travels down the fibre. Using the
spectrometer to monitor the level of intensity, the highest value
is approximated as the correct 90◦ orientation.
Alignment of the fused silica fibre into the two orientations
(β = 90◦ and 0◦) was achieved through visual means since the
diameter is larger and easier to position within an error level
comparable to the angle tip fibre.
3. Experimental results
The relative intensity profiles of the three optical fibres
examined are presented in following sections. The results
obtained at low temperatures closely mimic those observed
during high-temperature measurements due principally to the
negligible impact the wavelength-dependent refractive index
has on the effective NA within the wavelength range examined.
Accordingly, only the high-temperature results are presented
in this paper.
3.1. Flat tip fibre
Figure 4 shows the relative intensity profile of the flat tip
sapphire optical fibre at high temperature with the aperture
diameter set to 1 mm. Each experimental run was conducted
at increments of 0.5◦ over a range of ±14◦. The two
profiles essentially overlap, validating the repeatability of the
experimental set-up. Angular scan experiments were also
conducted using a 3 mm aperture diameter at high temperature.
All tests resulted in relative intensity curves similar to that
shown in figure 4 [20].
The IEC standard [13] defines the fibre acceptance angle
as the angle where 5% of the peak relative intensity exists.
Consequently, the effective NA, NAe f f , is computed by taking
the sine of that 5% angle. Based on the standard and the
results from figure 4, the flat tip sapphire fibre examined
in this study has an effective acceptance angle, θe f f , of 9◦
corresponding to an effective NA of 0.156. This is much
smaller than the theoretical 90◦ acceptance angle. Similar
observations for unclad sapphire fibres have been reported in
previous research [12]. This is probably a consequence of
signal attenuation experienced by higher modes as a function of
fibre length. Since the length of the optical fibre examined was
1 m, over 2000 diameters, it is unlikely that further attenuation
will be experienced as the fibre length is increased. Conversely,
it is expected that as the fibre length is decreased, NAe f f
will increase toward unity. However, this was not verified
by investigation. In section 4, discussion of this observation
leads to a better understanding of the relative intensity profile
of the angled tip fibre.
3.2. 45◦ angled tip fibre
Figure 5 shows the relative intensity profiles of the 45◦ angled
tip sapphire fibre at 0◦ and 90◦ orientation angles (β). At
β = 90◦, the relative intensity peaks at a rotation angle (α) of
93.6◦. A small hump, reaching to about 8.7% of the maximum
relative intensity, can be seen at roughly 18◦ . A local minimum,
or valley, between the peak and hump is located at α = 43◦.
At β = 0◦ and α = 0◦, the relative intensity compared
with the peak at β = 90◦ and α = 93.6◦ is very low, only
about 6.5%. This indicates that most radiation received by the
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Figure 4. Relative intensity profile for the flat tip sapphire fibre at high temperature with a 1 mm diameter iris. The results from tests 1 and
2 are practically identical. The graphs are therefore overlaid.
angled tip optical fibre is in the β = 90◦ plane, particularly
concentrated in the direction perpendicular to axis of the optical
fibre. Using the IEC 5% relative intensity guideline, the
effective acceptance region is between 0◦ < α < 30◦ and
65◦ < α < 125◦ for β = 90◦ and between −15◦ < α < 15◦
for β = 0◦.
The two angular scans at β = 0◦ and 90◦ cross each other
at α = 0◦. The same 6.5% relative intensity at α = 0◦ further
validates the accuracy and repeatability of the experimental
set-up.
3.3. Fibre with bent and polished tip
Figure 6 shows the two angular scan results for the bent and
polished tip fibre at β = 0◦ and 90◦ superimposed on the same
graph. The relative peak is located at α = 80◦, close to the
peak location observed for the angled tip fibre. However, this
fibre is capable of receiving radiation across a wider range of
α. Based on the IEC standard of 5% relative intensity, the
effective acceptance angle covers the broad region between
−90◦ < α < 117◦ for β = 90◦ and −30◦ < α < 30◦ for
β = 0◦.
In the β = 90◦ plane, a distinct peak occurs at α = −45◦
with a value of 86% of the relative maximum intensity. The
possible cause for this peak is discussed in the next section.
Furthermore, at α = 0◦ the two angular scans meet at the same
16% relative intensity, once again validating the accuracy and
repeatability of the experimental configuration.
4. Discussion
This section attempts to explain the intensity profile results
obtained from the angular scan experiments by applying
Snell’s law and the Fresnel equations to ray tracing techniques.
Additional discussion is directed at optical fibre applications
in diesel after-treatment filter temperature measurement.
4.1. Flat tip fibre
The measured 9◦ effective acceptance angle is significantly
smaller than the theoretical 90◦ acceptance angle of the unclad,
multi-mode flat tip sapphire fibre. According to Nubling and
Harrington [12], this is caused by surface and bulk defects
which scatter light at the surface interface and along the length
of the fibre. Similar observations of small effective acceptance
angles, around 10◦, for flat tip sapphire fibres have been
reported by Kottmann and Stenzel [21]. Figure 7(a) shows ray
tracing of light incident upon the flat tip fibre surface at the 9◦
effective acceptance angle. On the external surface of the fibre
tip, using the Fresnel equations and refractive indices of 1.75
and 1.00 for sapphire and air [22], 92.7 and 7.3% respectively
of the radiation is transmitted and reflected. From the Fresnel
equations, calculated values of transmittance and reflectance
as a function of the incident angle at the air/sapphire interface
are plotted in figure 8.
As shown in figure 7(a), at the maximum incident angle of
9◦ the internal incident angle is 84.9◦. This can be considered
an effective critical angle for total internal reflection within
the fibre. This is significantly larger than the 34.9◦ theoretical
critical angle calculated based on the Snell’s law. This result
indicates that a large internal incident angle is necessary to
transmit the entire light signal from the fibre tip to the detector
at the distal end of the fibre. This observation is applied to
understand the results for 45◦ angled tip and bent tip fibres.
4.2. 45◦ angled tip fibre
As shown in figure 5, the peak, hump and valley can be
identified from the 45◦ angled tip fibre response in the β =
90◦ orientation. To help explain these three characteristics,
table 1 lists the variation in external incident angle, external
transmittance and reflectance, and internal incident angle.
Results from table 1 and the ray tracing techniques help
quantitatively explain the features of the 45◦ angled tip fibre
angular scans.
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Figure 6. Relative intensity profile for the fibre with bent and polished tip at high temperature.
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a) Flat tip fibre with 9º incident angle.
b) α = 90º for 45º angled tip fibre. c) α = 100º for 45º angled tip fibre.
d) α = 10º for 45º angled tip fibre. e) α = 15º for 45º angled tip fibre.
f) α = 20º for 45º angled tip fibre. g) α = 45º for 45º angled tip fibre.
Figure 7. Ray tracing in the cross-sectional plane of the flat tip optical fibre and the 45◦ angled tip optical fibre at β = 90◦; R: the
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Figure 8. Perpendicular and parallel components and total transmittance and reflection for the air/sapphire interface.
The path of a single ray at α = 90◦ and 100◦ in the β = 90◦
plane is shown in figures 7(b) and (c) respectively. A high
percentage of the incident light is transmitted through the fibre
in these positions. A 90◦ turning prism effect, a consequence
of total internal reflection with the surface of the 45◦ angled tip,
directs the light at large internal incident angles to the detector
accounting for the peak near α = 90◦. This result implies that
lower modes produce the greatest response for this sapphire
optical fibre.
Experimental results in figure 5 show the location of the
peak at α = 93.6◦, slightly different from the theoretical value
of α = 90◦ shown in figure 7(b). This discrepancy can be
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Table 1. Internal incident angle and percentage of reflectance and transmittance as a function of external incident angle for the 45◦ angled
tip fibre.
Angular position of External Total external Total external Internal
radiation source, α incident angle reflectance transmittance incident angle
(deg) (deg) (%) (%) (deg)
−90 45 8.6 91.4 21.2
−45 0 7.4 92.6 45.0
0 45 8.6 91.4 68.8
10 55 10.7 89.3 72.9
15 60 12.8 87.2 74.7
20 65 15.9 84.1 76.2
30 75 28.8 71.2 78.5
45 90 100.0 0.0 79.8
60 30 7.6 92.4 73.4
75 15 7.4 92.6 81.5
90 0 7.4 92.6 90.0
100 10 7.4 92.6 84.3
120 30 7.6 92.4 73.4
contributed to two sources. One is nominal misalignment of
the angular scan experimental set-up, particularly in setting
the orientation angle β . Another possible source of error is the
potential deviation from manufacturing a true 45◦ cut angle at
the fibre tip.
Figure 5 also shows the hump at α = 18◦. From ray
tracing techniques, the external reflectance and transmittance
at α = 10◦, 15◦ and 20◦ as well as the internal reflection are
shown in figures 7(d)–(f). In the region of the hump (10◦ <
α < 20◦), the internal incident angle is increasing, which, as
demonstrated in the analysis of the flat tip fibre, is critical to
efficiently direct light toward the detector. However, as the
rotation angle α increases from 10◦ to 20◦, the corresponding
transmittance at the 45◦ angled tip surface decreases, as shown
in figures 7(d)–(f), figure 8 and table 1. These two competing
factors may be responsible for the hump observed at α =
18◦. Another possible explanation of the hump is the 100%
transmission of the parallel component of the incident radiation
at 60◦ corresponding closely with Brewster’s angle [22], as
shown in figure 8. By offsetting the results 3◦ due to potential
misalignment of β , the α = 15◦ position, corresponding to a
60◦ incident angle with the angled tip surface normal, matches
the peak for maximum transmission of the parallel component
of the light incident on the surface. This hypothesis requires
further in-depth study for verification.
The valley at α approaching 45◦ can be analysed using
the ray tracing method. As shown in figure 7(g), the incident
ray is parallel to the cut surface with 0% transmission, thereby
causing the valley.
It is important to note that all β = 90◦ ray tracings
represent a single two-dimensional cross-sectional plane of
the cylindrical fibre. In reality, the radiation is incident
on a cylindrical curved surface, resulting in a much more
complicated system of reflected and transmitted rays.
4.3. Bent tip fibre
Discussion of the angled tip fibre can help explain the response
observed from the bent tip fibre experiments shown in figure 6.
In the β = 90◦ orientation, a major peak is observed at
α = 80◦. This is likely to be due to light transmitting through
the flat polished tip reflecting off the internal curved surface
a) b)
Figure 9. Light projected from a bent and cut tip fibre for (a) a
polished flat surface and (b) a curved surface opposite the polished
flat surface.
(This figure is in colour only in the electronic version)
at an internal incident angle resulting in the least number of
modes within the fibre. This is similar to what is experienced
by the angled tip fibre in the location around the α = 90◦
peak. The zigzag pattern observed for α between 30◦ and 70◦ is
probably caused by complicated three-dimensional reflection
and transmission from imperfections along the bent exterior
and interior surfaces. At α = −45◦, another major peak,
registering 86% relative intensity, is experienced. A possible
explanation for this result is that the transmitted radiation is
reflecting off the internal planar polished surface at an angle
similar to the low mode response observed at α = 80◦. As
for the β = 0◦ orientation, the expected symmetric response
about the optical axis is evident.
A qualitative representation of the intensity profile is
presented in figures 9(a) and (b). A 3100 K tungsten halogen
light source is coupled directly to the proximal end of the
fibre such that the radiation output can be visually observed
at the bent fibre tip. From figure 9(a), the characteristic broad
intensity range from α = 80◦ through roughly 30◦ at the bent
fibre tip is apparent. Figure 9(b) provides a distinct view of
the second major peak observed at α = −45◦ as well as the
existence of two smaller irradiance spots along the very edge
of the fibre tip. The gap between the two spots is coincident
with the optical axis of the fibre and is probably represented
by the central dip observed in the β = 0◦ orientation intensity
profile.
570
Goniometric characteristics of optical fibres for temperature measurement in diesel engine exhaust filters
4.4. Signal intensity
Comparing the flat, 45◦ angled tip and bent tip fibres, there is
a significant difference in the signal intensity received by the
detector. The spectrometer integration time (IT) provides an
indication of the radiation-gathering capability of the optical
fibres. For the flat tip fibre, the IT was set to 27 ms such
that the maximum spectral output was roughly 3500 counts.
Each count, according to the spectrometer’s manufacturer,
corresponds to receiving about 86 photons. In order to register
the same 3500 counts level for the 45◦ angled tip and the bent
tip fibres, the IT was dramatically increased to 1200 ms.
The flat and 45◦ angled tip fibres have the same diameter,
length and material. The difference in IT settings indicates that
the peak in the flat tip fibre receives 44 times more photons
than the peak in the 45◦ angled tip fibre. An experiment
was conducted in which the tungsten halogen light source was
coupled to the proximal end of the fibre such that the intensity
of the light emitted from the fibre tip could be observed.
Visually, there is a markedly higher intensity of light emitted
from the flat tip fibre when compared with the angled tip fibre.
4.5. Application to diesel exhaust filter temperature
measurement
The ideal optical fibre tip geometry for temperature
measurement applications in diesel exhaust after-treatment
will have only one peak at α = 90◦, perpendicular to the fibre
axis. This physically translates to an optical fibre looking at a
precise location along the wall of the filter. Among the three
fibre tips examined in this study, the 45◦ angled tip fibre is the
closest to meeting such a requirement. As shown in figure 1,
with the 45◦ angled tip fibre inside the filter cavity, a small
distance is maintained between the fibre tip and the filter wall.
Due to gravity, the fibre will bend slightly. The high elastic
modulus of the sapphire is helpful in reducing the deflection of
the fibre due to weight-induced bending. Using the orientation
of angled tip shown in figure 1, the majority of the radiation
emission received by the detector is from the area A underneath
the fibre tip. The light emission from area B in front of the
fibre tip makes some, relatively insignificant, contribution to
the intensity of the signal received by the detector. Areas A
and B correspond to the intensity peak and hump in figure 4 at
α = 90◦ and 15◦, respectively.
5. Concluding remarks
The spatial intensity profiles of three optical fibres with
flat, 45◦ angled and bent and polished tip geometries were
investigated for their potential application in non-contact
pyrometric temperature measurement of diesel exhaust after-
treatment filters. The measured effective acceptance angle
of the flat tip sapphire fibre was much smaller than the
theoretical acceptance angle and matched that reported by
other researchers. The 45◦ angled tip fibre exhibited a peak
intensity perpendicular to the optical axis and a smaller hump
intensity at a small angle off the optical axis in front of the fibre
tip. The bent tip fibre showed an interesting two-peak pattern
and a wide angular range of radiation acceptance.
This research concludes that the 45◦ angled tip fibre, with a
correct orientation of the tip surface, can be used to accurately
detect thermal radiation emitted from a small area near the
tip of the optical fibre. These characteristics make the 45◦
angled tip sapphire optical fibre suitable for studying the spatial
and temporal variation of temperature in diesel exhaust after-
treatment filters.
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